Parathyroid hormone (PTH) is a potent pharmacologic inducer of new bone formation, but no physiologic anabolic effect of PTH on adult bone has been described. We investigated the role of PTH in fetal skeletal development by comparing newborn mice lacking either PTH, PTH-related peptide (PTHrP), or both peptides. PTH-deficient mice were dysmorphic but viable, whereas mice lacking PTHrP died at birth with dyschondroplasia. PTH-deficient mice uniquely demonstrated diminished cartilage matrix mineralization, decreased neovascularization with reduced expression of angiopoietin-1, and reduced metaphyseal osteoblasts and trabecular bone. Compound mutants displayed the combined cartilaginous and osseous defects of both single mutants. These results indicate that coordinated action of both PTH and PTHrP are required to achieve normal fetal skeletal morphogenesis, and they demonstrate an essential function for PTH at the cartilage-bone interface. The effect of PTH on fetal osteoblasts may be relevant to its postnatal anabolic effects on trabecular bone.
Introduction
Endogenous parathyroid hormone (PTH) functions to maintain normal extracellular calcium levels in the adult in part by enhancing osteoclastic bone resorption and liberating calcium from the adult skeleton. In contrast, exogenous PTH has been shown to exert significant skeletal anabolic effects in the adult when administered intermittently as a pharmacologic agent (1) (2) (3) (4) . No physiologic role for PTH on increasing bone formation has yet been demonstrated, and its role in fetal skeletal development is unknown. In contrast, PTHrelated peptide (PTHrP) is known to play a critical and nonredundant role in fetal endochondral bone formation. Endochondral bone formation, in which bone is generated within a cartilage primordium, is a critical component of vertebrate skeletal development (5) . Cells committed to the chondrogenic lineage progress through stages of proliferation, differentiation, hypertrophy, and apoptosis. Vascular invasion and degradation of calcified cartilage matrix then occurs, followed by secretion of trabecular bone matrix by invading osteoblasts. This complex process requires the coordinated activity of growth factors, hormones, proteases, and matrix molecules. Targeted disruption of the PTHrP gene results in lethal dyschondroplasia, caused mainly by a reduction of chondrocyte proliferation in the epiphyseal growth plate (6) and accelerated maturation of chondrocytes to hypertrophy (7) . Both PTH and PTHrP interact at a common G protein-linked receptor termed the type I PTH/PTHrP receptor (PTHR). Ablation of the PTHR has been reported to simulate the effect of PTHrP ablation on chondrocyte differentiation (although more slowly) and to delay cartilage matrix mineral deposition, decrease vascular invasion of cartilage, and reduce trabecular bone formation in the primary spongiosa, alterations not seen after PTHrP ablation (8) . These alterations were apparently partially alleviated when both PTHrP and the receptor were deficient. The mechanism for these effects, however, remained unclear.
To assess the role of PTH in modulating skeletal development in the fetus and any potential interaction of PTH and PTHrP, we analyzed tissues of newborn mice homozygous for targeted ablation of the genes encoding PTH (PTH -/-), PTHrP (PTHrP -/-), and both PTH and PTHrP (PTH -/-, PTHrP -/-) and compared these to each other and to wild-type mice.
sequence of mature PTH on exon 3 (11) with a neomycin resistance gene. The vector was electroporated into D3 embryonic stem cells, and following G418 selection, clones were injected into BALB/C blastocytes. Chimeric male mice were mated to C57BL/6J females, and following germline transmission, mice were bred to homozygosity for the null PTH allele. To obtain double knockout mice that are disrupted for both the PTH and the PTHrP genes (PTH -/-, PTHrP -/-mice), we mated PTH homozygous mice and PTHrP heterozygous mice, males and females, on a C57BL/6J background. Genomic DNA was isolated from tail clips for genotyping of mice by standard methods described previously (10) . Wild-type and mutant PTH alleles were detected using a 0.2-kb HindIII/XhoI genomic DNA fragment as probe following digestion of tail tip genomic DNA with BamHI. For detecting PTHrP wild-type and mutant alleles, a 0.62-kb SacI/XhoI genomic fragment was used following digestion of tail tip genomic DNA with PvuII. All animal studies were conducted in accordance with principles and procedures dictated by the highest standards of humane animal care.
Skeletal preparations and histology. Newborn mice were sacrificed in a CO 2 chamber. After sacrifice, for skeletal preparations, newborn mice were eviscerated, fixed with 95% ethanol overnight, and stained with Alcian blue for cartilage and with alizarin red for calcified tissue as described previously (13) . For histologic analysis, femurs and tibiae were fixed and cut into sections as described previously (14) . The sections were stained with hematoxylin and eosin (H&E) or immunostained. Apoptotic cells were detected as described below. Undecalcified right femurs and tibiae were embedded in LR White acrylic resin (London Resin Co., London, United Kingdom), and 1-µm sections were cut on an ultramicrotome. Sections were stained for mineral with the von Kossa procedure and counterstained with toluidine blue.
Immunohistochemistry. Paraffin-embedded sections of decalcified skeleton and of parathyroid glands were stained immunohistochemically for PTH, PTHrP, calcium-sensing receptor (CaSR), proliferating cell nuclear antigen (PCNA), type X collagen, VEGF, angiopoietin-1 (Ang-1), and endothelial nitric oxide synthase (eNOS) using the avidin-biotin-peroxidase complex (ABC) technique as described previously (15) .
The following antisera were used: goat anti-serum raised by us against PTH ; mouse anti-CaSR monoclonal antibody (15) ; rabbit anti-serum against PTHrP Figures 2-6 ) were photographed with a Sony digital camera. Images of micrographs from single sections were digitally recorded using a rectangular template, and recordings were processed using Northern Eclipse image analysis software, version 5.0 (Empix Imaging Inc., Mississauga, Ontario, Canada) (15) . For determining the area or number of immunoreactions and the area of mineralized matrix in stained bone sections, thresholds were set using green and red channels. The thresholds were determined as described previously (15, 16) .
Statistical analysis. Data from image analysis are presented as mean ± SEM. Statistical comparisons were made using a two-way ANOVA, with a probability of less than 0.05 being considered significant.
Results

Effects of gene deletion on PTH and PTHrP production.
Using Southern blot analysis of genomic DNA, we first identified mice lacking expression of PTH and/or PTHrP amongst the newborn offspring. The expected bands of 6.2 kb and 1.0 kb were observed for wild-type PTH and wild-type PTHrP alleles, respectively, and expected bands of 4.0 kb and 1.8 kb were observed for the targeted PTH (9) and PTHrP alleles (10), respectively ( Figure 1a) .
We next investigated the effect of PTH and PTHrP gene deletion on the size and function of the parathyroid glands (Figure 1, b-d) . Parathyroid glands were greatly enlarged in the PTH -/-mice and were moderately enlarged in PTHrP -/-mice, but were most dramatically enlarged in the PTH -/-, PTHrP -/-mice compared with the wild-type mice (Figure 1b) . In wild-type mice, the parathyroid glands expressed both PTH and the CaSR, which detects extracellular fluid calcium levels (17) (Figure 1 , c and d). PTH expression was absent in the parathyroids of the two PTH-deficient mouse models but was detectable in the PTHrP -/-mice ( Figure  1c ). Enlarged parathyroid glands were therefore present in all three models of targeted gene ablation and expressed substantial CaSR, a moiety reported to be functional in fetal life (18) . This supports the view that ambient hypocalcemia existed in the mutants and stimulated parathyroid growth. Indeed, in view of the fact that PTHrP is required for maintaining the transplacental calcium flux needed for fetal calcium homeostasis, elevated blood PTH levels have previously been postulated to be increased in PTHrP -/-mice (8).
We next examined PTHrP production in the mutants (Figure 1e ). PTHrP expression in the chondrocytes of the growth plates was equivalent in the PTH -/-mice and wild-type littermates but was not detected in the two PTHrP -/-mouse models (Figure 1e ). The absence of both PTHrP and PTH in the compound mutant led to the greatest enlargement of the parathyroid glands ( Figure 1 , b-d), consistent with the absence of two calcium-regulating entities (19) .
Skeletal phenotypes and alterations of the cartilaginous growth plate. In PTH -/-mice, compared with wild-type mice, the skull was abnormally formed and mineralization of the bones of the skull was enhanced. The vertebral column was also abnormal, with evidence of smaller vertebral bodies, and mineralized metacarpal and metatarsal bones were shorter (Figure 2 , a versus b). Although the PTH -/-mice were viable, PTHrP -/-and compound mutant mice died at birth, with skeletal malformations including short-limbed dwarfism that were most severe in the compound mutants. The whole skeleton of the compound mutant mouse was smaller than that of the PTH -/-mouse and the PTHrP -/-mouse ( Figure In view of the fact that mRNA encoding VEGF is expressed by hypertrophic chondrocytes in the epiphyseal growth plate and VEGF-dependent blood vessels are essential for coupling cartilage resorption with bone formation (22), we assessed the presence of VEGF by immunostaining. The results confirmed that VEGF was indeed expressed in chondrocytes of the hypertrophic zone in the wild-type mice ( Figure 4e ) and was also seen in this zone in each of the mutant models ( Figure 4 , f-h). The VEGF-positive area was significantly increased in all three animal models compared with the wild-type mice (Figure 4n ).
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The Despite abundant VEGF expression, however, vascular invasion in the growth plate was reduced in both the PTH -/-mice and the compound mutants (Figure 2 , f and h versus e) but not in the PTHrP -/-animals ( Figure  2, g versus e) . Ang-1 is an angiogenic regulator that recruits and interacts with periendothelial support cells and is required for blood vessel integrity (23) . Ang-1 was detected in chondrocytes in the growth plate of wildtype mice (Figure 4i ) and was increased in maturing and hypertrophic chondrocytes of PTHrP -/-mice ( Figure 4 , k and o), but was diminished in both PTH -/-models (Figure 4, j, l, and o) . Consequently, reduced Ang-1 levels correlated with the decreased vascular invasion.
Overall, PTH deficiency in the two PTH -/-models was associated with reductions in both cartilage matrix mineralization and vascular invasion. The opposite was observed in the PTHrP -/-mice, possibly reflecting elevated circulating PTH levels in that model.
Effects on cortical and trabecular bone. The length of bone tissue was reduced in the long bones of PTH -/-mice and PTHrP -/-mice, and was reduced even more dramatically in the PTH -/-, PTHrP -/-mice compared with the wildtype mice (Figure 2 , f versus e; g versus e; and h versus e, respectively; and Figure 2k ). The cortical thickness of long bones was increased in all three mutant models compared with that in wild-type mice ( Figure 5, a-d and  m) . In contrast, trabecular bone volume, although somewhat increased in the PTHrP -/-mice, was diminished in the PTH -/-mice, and was even more dramatically diminished in the PTH -/-, PTHrP -/-mice compared with the wild-type mice ( Figure 5, a-d and n) .
Decreased osteoblast numbers were found in the primary spongiosa of the PTH -/-mice and the PTH -/-, PTHrP -/-mice, whereas osteoblast numbers were increased in the primary spongiosa of the PTHrP -/-mice, possibly reflecting secondary hyperparathyroidism (Figure 5 , e-h and Figure 5o ). In the endosteum, changes in osteoblast numbers were similar to those in the primary spongiosa ( Figure 5, i-l) . In contrast, periosteal cells were not altered significantly in any of the three models compared with wild-type mice ( Figure 5 , i-l). Consequently, reduced osteoblast numbers in the primary spongiosa appeared to account for the reduced trabecular bone volume in the two PTH -/-models, and PTH appears to be essential for optimal osteoblast production in this region of fetal trabecular bone.
Nitric oxide has been implicated in the local regulation of skeletal metabolism, and mice with ablation of the gene encoding eNOS develop osteoblast defects and reduced bone formation (24) . We therefore examined the expression of eNOS in chondrocytes and osteoblasts from the gene knockout animals. In wildtype mice, eNOS was expressed at high levels in osteoblasts in the metaphysis and was also detected in some hypertrophic chondrocytes. The expression of this enzyme in both chondrocytes and metaphyseal osteoblasts was enhanced in the PTHrP -/-mice, but was reduced in both the PTH -/-mice and the PTH -/-, PTHrP -/-mice ( Figure 6, a-d and m) . Whether this reduction is a consequence of PTH deficiency that contributes to diminished osteoblast production or is simply a reflection of decreased osteoblast numbers remains to be determined.
We found increased levels of apoptosis in osteoblasts and osteocytes in the endosteum of all three models compared with those in wild-type mice ( Figure 6 , e-h and n). Consequently, both PTH and PTHrP appear to protect osteoblasts from apoptosis.
Using histochemical staining for tartrate-resistant acid phosphatase (TRAP) (Figure 6 , i-l) and subsequent image analysis, we found that the number (Figure 6o ) and size (Figure 6p ) of osteoclasts were decreased in all three mutant models compared with those in wild-type mice, but were most dramatically reduced in the compound homozygous mice. Consequently, diminished bone resorption in the absence of either PTH or PTHrP appears to explain the increased cortical thickness observed in all three models.
Discussion
Our studies show that both PTH and PTHrP are necessary for normal fetal endochondral bone formation and that they appear mainly to regulate discrete regions of the growth plate in a complementary fashion. PTH is expressed only in the parathyroid glands, and its synthesis and secretion is tightly regulated by ambient calcium through CaSR (17) . Its access to the skeleton is via the circulation, and following PTH ablation, the alterations we have identified at the chondro-osseous junction are consistent with its entry to the developing skeleton via the microvasculature in this region. The reduced Ang-1 levels observed in the PTH -/-animals may contribute to poorly developed capillary invasion (23) and consequently lead to reduced cartilage matrix mineralization and diminished entry of precursors for cells of the osteoblastic and chondroclastic lineages.
Thus, diminished resorption of terminally differentiated chondrocytes is the most likely cause of the slightly expanded hypertrophic zone observed in PTH -/-mice that was evidenced by the pattern of type X collagen and VEGF expression. This enlarged hypertrophic zone accounted for the modest increase in the overall size of the growth plate. Therefore, PTH seems essential for normal cartilage remodeling. In addition, the reduced osteoblast production in the absence of PTH led to a poorly developed primary spongiosa and ultimately to reduced trabecular bone volume. Whether this effect is in part mediated by nitric oxide production remains to be determined (24) . Nevertheless, this reduction resulted in a decrease in the length of bone tissue per se, although the overall length of the tibia was almost normal in the PTH -/-mice due to the modest increase in the size of the cartilaginous growth plate.
It has previously been reported that PTHrP -/-mice have reduced capacity to maintain normal placental calcium transport and therefore develop hypocalcemia (18, 19) . Our studies show that secondary enlargement of the parathyroid gland ensues (Figure 1, c and d) . Increased PTH secretion by the enlarged glands may therefore lead to augmented Ang-1 levels and increases in capillary invasion, cartilage matrix mineralization, and osteoblast numbers in the primary spongiosa. These changes were indeed observed at the chondro-osseous junction in the PTHrP -/-mice but were not seen when the PTH gene was deleted from these mice. Consequently, among other actions, the predominant effect on the osteoblast in the primary spongiosa at this stage of development appeared to be related to PTH rather than PTHrP. Our studies therefore provide the first evidence that PTH has a physiologic role as an "anabolic agent" in bone.
PTHrP, but not PTH, is expressed in a wide array of cells and tissues including both proliferative and hypertrophic chondrocytes (6, 20) . Consequently, PTHrP rather than PTH can exert autocrine/paracrine actions in the avascular cartilaginous growth plate where major consequences occur after PTHrP ablation (6, 10) . The action on proliferating and differentiating chondrocytes specifically attributable to PTHrP may also reflect the earlier appearance of PTHrP than of PTH in embryogenesis and therefore
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The its more profound involvement in cartilage morphogenesis, which begins prior to the development of the parathyroid glands (embryonic day 11.5-12.5 versus day 14.5-15.5, respectively) (25) . Enlargement of the parathyroid glands was also observed in the PTH-ablated mice, a finding that is consistent with fetal hypocalcemia (19) . Therefore, PTH per se plays a role in maintaining calcium homeostasis in the fetus. Nevertheless, no alteration in PTHrP expression was observed in cartilage of PTH -/-mice ( Figure  1e ). These observations therefore emphasize the insensitivity of PTHrP expression, at least in growth plate cartilage, to the ambient calcium concentration.
The different sites of production of these two peptides, their differential responses to ambient calcium, and their different modes of action, i.e., long range (endocrine) versus short range (paracrine/autocrine), may therefore largely contribute to the phenotypic characteristics we observed in the developing growth plate.
Although PTH deficiency in both PTH -/-mice and the compound mutant mice caused a decrease in osteoblast numbers in the primary spongiosa, this was not observed in periosteal bone. Differential effects of a constitutively active PTHR on metaphyseal versus periosteal osteoblasts have previously been described, and our findings are consistent with these observations (26) . In the endosteum, apoptosis in cells of the osteoblast lineage was increased in association with ablation of both PTH and PTHrP. Previous studies in vitro and after administration of PTH pharmacologically in vivo in postnatal animals have emphasized the important role PTH plays in inhibiting apoptosis (27, 28) . Our studies demonstrate a physiologic role for both PTH and PTHrP in inhibiting apoptosis in osteoblasts in the developing fetal skeleton. Molecular genetic studies have now shown that congenital hypoparathyroidism may be caused by defects in a variety of genes (29) . Reduced PTH secretion may be caused by rare mutations in the PTH gene and have been associated with both autosomal dominant (30) and recessive forms of familial isolated hypoparathyroidism (31, 32) . Gain-of-function mutations in the CaSR gene also impair PTH secretion and have been more frequently reported in association with a mild variant of hypoparathyroidism known as autosomal dominant hypocalcemia (33) . Impaired development of the parathyroid glands has also been described. Thus, autosomal recessive isolated hypoparathyroidism has been associated with mutations in glial cells missing B (GCMB), a transcription factor that is required for normal parathyroid gland embryogenesis (34) . Genetic ablation of the corresponding gene in mice, Gcm 2 , also caused hypocalcemia, but the presence of normal circulating PTH concentrations in these animals led to the observation that the thymus might be an additional source of PTH (35) . Although calcium and PTH levels are generally well documented in these cases of isolated congenital hypoparathyroidism, no detailed description of the neonatal hypoparathyroid skeleton exists.
Congenital hypoparathyroidism has also been reported in association with other anomalies, including the HDR (hypoparathyroidism, sensorineural deafness, and renal dysplasia) syndrome caused by heterozygous abnormalities in the gene encoding the transcription factor GATA3 (36) and a spectrum of phenotypes in patients that are hemizygous for a 1.5-3.0 Mb region of 22 q11.2 (37) . The spectrum of the 22 q11.2 deletion phenotype includes DiGeorge syndrome (38) (hypoparathyroidism, typical facial features, cardiac lesions, and absent thymus), velocardiofacial syndrome (VCFS), conotruncal anomaly face syndrome, and some patients with Opitz syndrome (39) . Recently, haploinsufficiency of the TBX1 gene has been implicated in the molecular etiology of VCFS/DiGeorge syndrome (40) . Whether athymia in DiGeorge syndrome contributes to the hypoparathyroid state remains to be determined. The skeletal sequelae of congenital hypoparathyroidism have not been described in neonates in these complex developmental syndromes either, but it would be difficult to distinguish the PTH-deficient skeletal consequences from dysmorphology associated with other elements of these syndromes.
Our studies describing the skeletal alterations in neonatal mice with hypoparathyroidism are therefore novel and indicate that a distinct neonatal skeletal phenotype occurs due to PTH deficiency that may not be remediable in the neonate with calcium or vitamin D treatment. Nevertheless, PTH deficiency in the fetus appears to retard trabecular bone development rather than completely inhibit it, inasmuch as PTH -/-mice in the postnatal state have increased rather than decreased metaphyseal trabecular bone (9) . The signal for stimulating metaphyseal osteoblasts in the postnatal state could be PTHrP acting in a paracrine manner after release from differentiating osteoblasts or from other neighboring cells. In support of this are our previous observations in vivo that mice heterozygous for PTHrP gene ablation develop reduced trabecular bone volume in the postnatal stage (41) and that PTHrP can stimulate osteoblastic proliferation in vitro (42) .
Although many of the molecular relationships with other regulators of skeletal development remain to be determined, our studies have clearly demonstrated a unique role for PTH in skeletal development in utero that complements the critical action that has been documented for PTHrP. Our observations may also be relevant to the "anabolic" effects of PTH in the postnatal state. Thus, intermittent exogenous PTH might recreate the effects of PTH in the fetus to enhance recruitment, commitment, and/or proliferation of osteoblast progenitors, as well as inhibit apoptosis of cells of the osteoblast lineage. Knowledge of these mechanisms may provide new targets for development of inducers of bone formation.
